1. Introduction
===============

Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoid malignancy in adults, representing 30% to 40% of all newly diagnosed non-Hodgkin lymphomas and 37% of B-cell lymphomas.^\[[@R1]--[@R3]\]^ Clinically, it is a heterogeneous class of B-cell lymphoma that is typically aggressive or advanced but is often curable even in advanced stages.^\[[@R1]--[@R3]\]^ Recently, the treatment of DLBCL has improved owing to the development of targeted drugs that can treat this disease effectively.^\[[@R4]\]^

The management of DLBCL usually includes induction therapy combined with R-CHOP (Rituximab (R); cyclophosphamide (C); Adriamycin (H); vincristine (O); prednisone (P)) chemoimmunotherapy regimen and/or radiation therapy of the involved sites.^\[[@R1]--[@R3]\]^ Therapy for relapsed or refractory disease is determined based on whether the patient is a suitable candidate for high-dose therapy or not.^\[[@R1]\]^ The 5-year survival of patients who received CHOP is low; however, rituximab, which is included in the R-CHOP regimen, has revolutionized the management of DLBCL since its approval more than 20 years ago and is now part of the routine induction and maintenance therapies for DLBCL.^\[[@R5]\]^ Nevertheless, rituximab is ineffective in a few patients; hence, it is necessary to distinguish these patients. The 5-year survival of patients with DLBCL in the United States is 62.8%.^\[[@R4]\]^ Although the management of this disease has improved over the years, with a 5-year survival of 42% from 1997 to 1999 to 55% from 2006 to 2008 in Europe,^\[[@R6]\]^ many patients are still unresponsive or poorly responsive to treatment, and their prognosis is dismal.

Certain cancers display sustained proliferative signaling and/or insensitivity to growth suppressors, and accordingly, the poor response to treatment seen in some patients can be explained.^\[[@R7]--[@R9]\]^ Another emerging hallmark of cancer is its ability to evade immune system destruction (10, 11). There is significant evidence showing that both innate and adaptive immunity play crucial roles in eliminating nascent transformed cells.^\[[@R12]--[@R14]\]^ Indoleamine 2,3-dioxygenase (IDO) exerts immunomodulatory effects due to its enzymatic activities catalyzing the essential amino acid L-tryptophan. IDO activity might play an important role in regulating immune responses exerted by antigen-presenting cells as a potent tool to help escape from the immune system.^\[[@R15]\]^ Some cancer types use the tryptophan-catabolizing enzyme, tryptophan-2,3-dioxygenase (TDO), to inhibit CD8^+^ T cells.^\[[@R16]\]^ The aryl hydrocarbon receptor (AHR) is involved in the oncogenesis, progression, invasion, and metastasis of cancers. In addition, AHR has been shown to be an immunosuppressive effector in the cancer microenvironment.^\[[@R17]\]^ Elevated IDO1 and TDO activity and kynurenine levels are associated with increased tumor grade and poor prognosis in many cancers.^\[[@R18]\]^

Therefore, the overexpression of these enzymes is associated with cancer immune escape and tumor growth, but data about their prognostic impact on hematological cancers such as DLBCL are lacking. Hence, the present study aimed to examine the prognostic impact of IDO, TDO, and AHR overexpression in patients with DLBCL. The results could suggest eventual novel targets that can be utilized for managing DLBCL.

1.1. Study design and patients
------------------------------

A retrospective study of patients diagnosed with DLBCL was conducted at the Department of Pathology of Henan Province People\'s Hospital between January 2012 and June 2015. The study was approved by the ethics committee of Henan Province People\'s Hospital, and the need for individual consent was waived by the committee.

All cases were histologically reviewed by 2 senior pathologists, according to the World Health Organization classification of tumors of hematopoietic and lymphoid tissues to confirm the diagnosis.^\[[@R19]\]^ The inclusion criteria were as follows:

1.  DLBCL diagnosis,

2.  no prior cancer treatment, and

3.  received R-CHOP chemoimmunotherapy.

The exclusion criteria were as follows:

1.  primary DLBCL in the mediastinum, the skin, or the central nervous system;

2.  HIV positive; or

3.  incomplete follow-up data.

Patients with chronic inflammatory lymph nodes diagnosed during the same study period in the same hospital were included as inflammatory controls (including reactive hyperplastic lymph nodes).

All patients with DLBCL received R-CHOP as induction therapy as follows: rituximab, 375 mg/m^2^, day 0; adriamycin, 50 mg/m^2^, day 1; cyclophosphamide, 750 mg/m^2^, day 1; vincristine, 1.4 mg/m^2^, day 1; and prednisone, 100 mg/d, days 1 to 5. The patients received at least 6 cycles of the treatment. The response was evaluated with fluorine-18 2-fluoro-2-deoxyglucose PET and computed tomography ((18)F-FDG PET/CT). The definition of complete remission (CR) was determined by the reduction of the palpable mass to a normal size lymph node by CT with negative FDG-PET. FDG-PET was evaluated according to the criteria of the standardized uptake value.^\[[@R20]\]^ Partial remission (PR) required a reduction of at least 50% in the sum of the products of the dimensions on CT with positive FDG-PET in the absence of newly developed lesions.

1.2. Immunohistochemistry (IHC)
-------------------------------

Paraffin-embedded tissue sections of 3 to 5 μm in size were processed for hematoxylin & eosin staining and for IDO, TDO, and AHR IHC. After deparaffinization, heat-induced antigen retrieval was performed using citrate buffer, pH 6.0 (CC1 protocol, Ventana, Roche Diagnostics, Basel, Switzerland). IHC for IDO (clone 10.1, Chemicon, Temecula, CA), TDO, (Clone 1D1, Abcam, Cambridge, United Kingdom), and AHR (Clone RPT9, Abcam, Cambridge, United Kingdom) was performed according to the manufacturer\'s instruction of the SP (Biotin-Peroxidase Linking of Streptomyces) supersensitive kit (Fuzhou MaiXin Biotechnology Development Co, Fuzhou, China).

IHC-positive cells showed yellow particles in the cytoplasm or nucleus. According to the Fromwitz comprehensive scoring method, under high magnification (400×), 5 to 10 independent and mutually exclusive fields were selected to count 100 to 200 cancer cells, for a total of 1000 cancer cells. The percentage of positive cells was calculated as (positive cells / total cancer cell number) × 100%. The tissue was considered positive for IDO, TDO, or AHR if there was histological evidence of cell staining in at least 5% of the tumor cells.^\[[@R21]\]^ The slides were reviewed by 2 pathologists using a double-headed microscope. When there was a discrepancy in scoring (most commonly 0% vs 5%), a third pathologist was invited.

1.3. Statistical analysis
-------------------------

Statistical analysis was performed using SPSS 21.0 (IBM, Armonk, NY,). The associations between the expression of IDO, TDO, or AHR and clinical and pathologic variables were assessed using the chi-square test or Fisher exact test. The progression-free survival (PFS) was calculated from the date of the final diagnosis to the date of death or relapse of DLBCL. The overall survival (OS) was calculated from the date of the final diagnosis to the date of death. Kaplan--Meier method was used to estimate the probability of survival, and the level of significance was assessed using the log-rank test. Multivariable analysis was carried out using the Cox regression model. A two-sided *P* value \<.05 was considered statistically significant in all analyses.

2. Results
==========

2.1. Patient characteristics
----------------------------

Sixty patients with DLBCL consisting of 42 males and 18 females were included in this study, and they were aged between 24 and 81 years (median of 56 years). The 24 patients in the control group included 15 males and 9 females, and they were aged between 6 and 73 years (median of 40 years). Based on the immunohistochemical Hans model,^\[[@R22]\]^ there were 28 cases of germinal center B cells, and 32 cases of non-germinal center B cells. Thirty-three patients (55.0%) were Ann Arbor stage III or IV.

All patients received chemotherapy with 6 or 8 courses of R-CHOP, with or without adjuvant radiotherapy. Treatment response was evaluated after four courses of treatment, and follow-up was censored in December 2018. The median follow-up for all DLBCL patients was 35 months (range: 10--70 months). Overall clinicopathological characteristics and IHC results of the patients are summarized in Table [1](#T1){ref-type="table"}.
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Characteristics of the patients with DLBCL.
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2.2. Protein expression of IDO, TDO, and AHR
--------------------------------------------

The positive protein expression of IDO and TDO was identified based on the presence of light brown particles in the cytoplasm of cancer cells (Fig. [1](#F1){ref-type="fig"}). The staining pattern of AHR was largely cytoplasmic and nuclear (Fig. [1](#F1){ref-type="fig"}).

![Staining patterns of IDO, TDO, and AHR in diffuse large B-cell lymphoma. (A) Positive for IDO. (B) Negative for IDO. (C) Positive for TDO. (D) Negative for TDO. (E) Positive for AHR. (F) Negative for AHR. AHR = aryl hydrocarbon receptor, IDO = Indoleamine 2,3-dioxygenase, TDO = tryptophan-2,3-dioxygenase.](medi-99-e19883-g002){#F1}

The positive expression rates of IDO were 46.7% (28/60) in DLBCL and 25% (6/24) in inflammatory controls (*P* = .068). The positive expression rates of TDO were higher in DLBCL (50.0%) than in inflammatory control (16.7%, *P* = .005). In addition, the positive expression rates of AHR were higher in DLBCL (60.0%) than in inflammatory control (8.3%, *P* \< .001).

2.3. Associations between the expression of IDO, TDO, or AHR and clinicopathological characteristics of DLBCL
-------------------------------------------------------------------------------------------------------------

We compared the associations between the expression of IDO, TDO, or AHR and the clinicopathological characteristics of DLBCL (Table [1](#T1){ref-type="table"}). The expression rate of IDO was significantly higher in female patients (66.7%) than in male patients (38.1%, *P* = .042). With advancing Ann Arbor stages (III or IV), the positive rates of IDO and TDO were higher than Ann Arbor stages I and II (*P* \< .05). High AHR expression in patients with bulkiness (*P* = .043). Patients with low IDO, TDO, and AHR expression rates had better treatment response (CR + PR, complete remission + PR) than those with high IDO, TDO, and AHR expression rates (*P* \< .05).

2.4. Overall survival according to IDO, TDO, and AHR
----------------------------------------------------

The OS of IDO-positive, TDO-positive, and AHR-positive DLBCL patients was 34.6, 26.7, and 32.2 months, respectively, which was significantly shorter than that of the corresponding negative patients (49.0 months, *P* = .04; 58.2 months, *P* \< .001; 58.0 months, *P* \< .001; respectively) (Fig. [2](#F2){ref-type="fig"}A--C). Patients with positive AHR, IDO, and/or TDO had poor OS compared to those with AHR expression alone (27.6 vs 56.7 months, *P* \< .001) (Fig. [2](#F2){ref-type="fig"}D). The patients with positive expression of all 3 biomarkers had the worst OS. However, patients with negative expression of all 3 biomarkers had the best OS, while patients with inconsistent results had an intermediary OS (22.1 vs 61.7 vs 42.8 months, *P* \< .001) (Fig. [2](#F2){ref-type="fig"}E).

![Overall survival analysis of patients positive for IDO. (A; *P* = .004), TDO (B; *P* \< .001), and AHR (C; *P* \< .001). (D) OS of patients with AHR expression combined with positive IDO and/or TDO (blue line) vs AHR expression alone (green line) (*P* \< .001). (E) OS of patients with positive expression of all 3 markers (IDO, TDO, and AHR; blue line) vs negative expression of all 3 markers (green line) vs inconsistent expression among the 3 markers (yellow line) (*P* \< .001).](medi-99-e19883-g003){#F2}

2.5. Multivariable analysis
---------------------------

The multivariable analysis (Table [2](#T2){ref-type="table"}) showed that TDO expression (HR = 8.347, 95%CI: 2.992--23.289, *P* \< .001) and Ann-Arbor stage (HR = 2.729, 95%CI: 1.571--4.739, *P* \< .001) were independently associated with PFS in DLBCL patients. In addition, TDO expression (HR = 9.953, 95%CI: 3.228--30.686, *P* \< .001) and Ann-Arbor stage (HR = 2.681, 95%CI: 1.524--4.719, *P* = .001) were independently associated with OS in DLBCL patients.

###### 

Multivariable analyses of PFS and OS in patients with DLBCL variables.
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3. Discussion
=============

Immune escape is the hallmark of malignant tumors, and the understanding of natural immune responses to cancer has improved in recent years. Tumor cells might escape or attenuate this immune response in the following ways:

1.  lack of T cell recognition of tumor through impaired antigen presentation on the tumor surface;

2.  lack of T cell recognition of tumor due to mutations in MHC genes or genes needed for antigen processing;

3.  inhibition of T cell activation through the production of immunosuppressive proteins.^\[[@R10]--[@R14]\]^

In addition, some signaling networks are dysregulated and thus contribute to malignant transformation and tumor maintenance. Indeed, in DLBCL, B-cell antigen receptor signals are rewired in certain lymphoma types and promote cell growth and survival of the malignant cell clones.^\[[@R23]\]^ In chronic neutrophilic leukemia (CNL) and acute myeloid leukemia (AML), by analyzing phosphoproteomics of mutated granulocyte colony-stimulating factor receptor (G-CSFR), it was discovered that the existing effective drugs could kill the cells with the mutated receptor.^\[[@R24],[@R25]\]^ Tumor cells may activate some response pathways to environmental stress, such as oxidative stress,^\[[@R26]\]^ so that they can survive in harsh environments and spread to distant places. Therefore, many kinds of proteins and pathways are involved in the development of tumors, especially the immune escape of tumors, but the present study focused on IDO, TDO, and AHR, which are known to possess immunomodulatory effects.^\[[@R15]--[@R17]\]^

IDO, TDO, and AHR are involved in cancer immune escape,^\[[@R17],[@R19],[@R21]\]^ but their impact on the prognosis of DLBCL is unknown. Therefore, this study aimed to examine the prognostic impact of IDO, TDO, and AHR overexpression on patients with DLBCL. The results strongly suggest that the overexpression of IDO, TDO, and AHR is associated with low survival of patients with DLBCL and could be involved in the immune escape of cancer cells. Further studies are required to determine whether these proteins can be targeted by treatment regimens.

Hosts possess T cells that are specific to tumor antigens and can participate in tumor rejection, but the tumors can evolve to escape those T cells.^\[[@R27]\]^ Tryptophan metabolism has been suggested to participate in this process of immune escape from T cells.^\[[@R28]\]^ IDO degrades tryptophan into kynurenine, and this metabolite inhibits T cell proliferation and induces T cell apoptosis.^\[[@R29],[@R30]\]^ IDO can not only be expressed by tumor cells,^\[[@R31]\]^ but also by dendritic cells found in tumor-draining lymph nodes.^\[[@R32]\]^ Previous studies showed that the serum levels of kynurenine were elevated in patients with T cell lymphoma and had prognostic significance in patients treated with R-CHOP.^\[[@R33],[@R34]\]^ A similar relationship was also observed in DLBCL,^\[[@R15]\]^ and in solid tumors.^\[[@R35],[@R36]\]^ In the present study, patients with IDO-positive DLBCL had a shorter PFS than those with IDO-negative DLBCL (35 vs 49 months), as supported by previous studies.^\[[@R15]\]^ Kryachok et al^\[[@R37]\]^ showed that IDO expression correlated with disease progression and prognosis of patients with DLBCL, particularly in those affected with the ABC subtype. Moreover, Nam et al^\[[@R38]\]^ showed that IDO-positive cells were associated with better prognosis in patients with central nervous system DLBCL. While previous studies suggest that IDO positivity can be associated with either worse or better prognosis. This can be due to a number of factors, such as the subtype of DLBCL and the site being involved. Hence, additional studies are necessary to examine the exact role of IDO in cancer. The answer may come from many clinical trials on IDO inhibition that are currently in progress.^\[[@R35]\]^

TDO is a functional ortholog to IDO and catalyzes the same reaction, but its expression is normally restricted to the liver, where it plays a role in regulating the serum tryptophan levels.^\[[@R39]\]^ Greene et al^\[[@R16]\]^ revealed the possible involvement of TDO in breast cancer prognosis, particularly estrogen receptor-negative stage III-IV breast cancer. The present study is the first to show an independent association of TDO expression with PFS in patients with DLBCL. Previous studies showed that low serum tryptophan levels were associated with poor prognosis in a number of cancer types,^\[[@R40]--[@R42]\]^ but it is unknown whether this is due to enhanced tryptophan catabolism by the liver or by the cancer cells. Additional studies will be needed to examine this issue.

AHR is involved in cancer development and is an immunosuppressive effector in cancer microenvironment.^\[[@R17]\]^ More specifically, it is an immunosuppressive effector of T cells and dendritic cells.^\[[@R43]\]^ AHR overexpression can enhance the proliferation, invasion, metastasis, and angiogenesis of cancer cells,^\[[@R44]\]^ but the exact mechanisms of tumor immune escape by AHR remains poorly understood.^\[[@R17]\]^ Nevertheless, kynurenine produced by IDO and TDO is known to activate AHR, which in turn controls the expression of IDO and TDO.^\[[@R45]\]^ This vicious circle can rapidly lead to tryptophan depletion in the tumor microenvironment, suppressing T cell responses, and promoting the differentiation of regulatory T cells, thereby participating in tumor immune escape.^\[[@R44],[@R45]\]^ As demonstrated in the present study, DLBCL patients positive for IDO, TDO, and AHR had a worse prognosis than those with negative IDO, TDO, and/or AHR. A previous study showed that AHR is activated in 14% to 24% of lymphomas, but without a specific pattern, according to subtypes.^\[[@R46]\]^ In the present study, the frequencies of IDO, TDO, and AHR positivity were higher in patients with DLBCL than in patients with inflammatory lymph nodes, supporting the involvement of the IDO/TDO/AHR axis in DLBCL development. Nevertheless, the discrepancies among studies could be due to the subtype of DLBCL, the site where DLBCL occurs, or the intrinsic genetics associated with the studied population. This will need to be explored in future studies.

The present study has a few limitations. This was a retrospective study of archived tissue specimens, and no serum was available to examine serum tryptophan and kynurenine levels. In addition, the sample size was relatively small and limited to a single type of lymphoma. All patients were treated with R-CHOP, and untreated patients were not included. Additional studies on cell lines should provide additional mechanistic insights for the involvement of the IDO/TDO/AHR axis in cancer immune escape.

In conclusion, the overexpression of IDO, TDO, and AHR is associated with low survival of patients with DLBCL and could be involved in the immune escape of cancer cells. Further studies are necessary to determine whether these proteins could be targeted by treatment regimens.
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